of a genic male-sterile, female-sterile mutant from a transposon-containing soybean population" (2000). Botany Publication and Papers. 47.
᭧ 2000 The American Genetic Association 91: [378] [379] [380] [381] [382] [383] Genetics and Cytology of a Genic MaleSterile, Female-Sterile Mutant from a Transposon-Containing Soybean Population
R. G. Palmer and H. T. Horner
A male-sterile, female-sterile soybean mutant (w4-m sterile) was identified among progeny of germinal revertants of a gene-tagging study. Our objectives were to determine the genetics (inheritance, allelism, and linkage) and the cytology (microsporogenesis and microgametogenesis) of the w4-m sterile. The mutant was inherited as a single recessive nuclear gene and was nonallelic to known male-sterile, female-sterile mutants st2 st2, st3 st3, st4 st4, st5 st5, and st6 st6 st7 st7. No linkage was detected between the w4-m sterile and the w4w4, y10 y10, y11 y11, y20 y20, fr1 fr1, and fr2 fr2 mutants. Homologous chromosome pairing was complete in fertile plants. Chromosome pairing, as observed in squash preparation, was almost completely absent in sterile plants. Developmentally microsporogenesis proceeded normally in both the fertile and the w4-m sterile through the early microspore stage. Then the tapetal cells of the w4-m sterile surrounding the young microspores developed different-size vacuoles. These tapetal cells became smaller in size and separated from each other. Some of the microspores of the w4-m sterile also became more vacuolate prematurely and sometimes they collapsed, usually by the late microspore stage. In the w4-m sterile the microspore walls remained thinner and structurally different from the microspore walls of fertile plants. No pollen was formed in the mutant plants, even though some of the male cells reached the pollen stage, although without normal filling. The w4-m sterile was designated st8st8 and assigned Soybean Genetic Type Collection number T352.
Genetic factors affecting meiotic chromosome pairing are of special interest to geneticists and cytologists. Nuclear malesterile, female-sterile mutations affect both microgametogenesis and megagametogenesis. The conjugation of chromosomes during the first meiotic prophase is termed synapsis. Asynapsis refers to the lack of chromosome pairing in the first meiotic prophase, and desynapsis describes the situation in which chromosomes initially pair in early meiotic prophase but fail to remain paired at later meiotic stages (Gottschalk and Kaul 1980a,b; Koduru and Rao 1981) .
In soybean, several male-sterile, femalesterile lines (synaptic mutants) have been described genetically and cytologically and are designated st2, st3, st4, st5, and st6 st7 ( Ilarslan et al. 1997; Palmer and Kilen 1987; Skorupska and Palmer 1990 ). The few seeds set on these meiotic mutants have been the source of aneuploids and polyploids ( Hymowitz et al. 1991 ).
An unstable mutation for anthocyanin pigmentation in soybean was identified at the w4 flower color locus (Groose et al. 1988 ). The unstable allele was designated w4-m and was assigned Genetic Type Collection number T322 ). In a gene-tagging study, progenies of germinal revertants at the w4-m locus were screened for new mutations. One of the mutations was identified as a male-sterile, female-sterile mutant .
The objectives of this study were to describe the genetics (inheritance, allelism, and linkage) and the cytology (microsporogenesis and microgametogenesis) of the w4-m male-sterile, female-sterile mutant.
Materials and Methods

Genetics
In 1986 a single, almost completely sterile plant was observed in a progeny row of a germinal revertant from a gene-tagging study of the w4-m line . As a result of this study, the w4-m sterile line was assigned a Genetic Type Collection number ( T352) and the Soybean Genetics Committee assigned the gene symbol st8. The line is maintained as the heterozygote, T352H.
From the USDA Agricultural Research Service, Corn Insects and Crop Genetics Research Unit and the Departments of Agronomy and Zoology/Genetics, Iowa State University, Ames, IA 50011-1010 (Palmer) , and the Department of Botany and the Bessey Microscopy Facility, Iowa State University, Ames, Iowa ( Horner). Journal paper no. J-18466, a joint contribution of the Iowa Agriculture and Home Economics Experiment Station, Ames, Iowa (project 3352), supported by the Hatch Act, the State of Iowa, and the U.S. Department of Agriculture, Agricultural Research Service. The microscopic aspects of this study were carried out in the Bessey Microscopy Facility, Iowa State University, Ames, Iowa. Names are necessary to report factual or available data; however, neither the USDA nor Iowa State University guarantees or warrants the standard of the product, and the use of the name by the USDA or Iowa State University implies no approval of the product to the exclusion of others that also may be suitable. The inheritance of the w4-m sterile (st) line was determined from linkage studies. The F 1 plants from the allelism studies in which heterozygous w4-m sterile plants (St st) were used in crosses with fertile plants ( homozygous dominant) also were used for inheritance studies.
Allelism tests of st were conducted with the available asynaptic or desynaptic soybean mutants. The Genetic Type Collection numbers and gene symbols of these mutants are given in Table 1 . Allelism tests consisted of crossing fertile plants in progeny rows segregating for sterility. The identity of the parent plants was maintained, and progeny tests determined the genotype of each parent used in the crosses. Only F 1 plants from crosses in which both parents were heterozygous for sterility were used for the allelism tests. If the two lines were allelic with regard to their sterility, and if each was controlled by a single recessive gene, then one out of four F 1 plants would be sterile. In the F 2 generation, nonsegregating families and families segregating 3 fertile:1 sterile plant would be observed. If different gene loci were controlling sterility in the two lines, no sterile plants would be observed in the F 1 generation. Moreover, the F 2 generation would include nonsegregating families, families segregating 3 fertile:1 sterile plant, and families segregating 9 fertile:7 sterile plants.
Linkage tests were conducted with six mutants having easily scorable phenotypes representing different linkage groups. The Harosoy near-isogenic w4 line ( L72-1138) was used in the linkage tests. Four chlorophyll-deficient lines-T323, T324, T325, and CD-5-obtained from the same gene-tagging study as the w4-m sterile line also were used. Genetic types T323, T324, and T325 have different phenotypes yet are allelic to each other and to T253 (y20) ( Hedges and Palmer 1992) . CD-5 is allelic to T219 (y11) ). The fifth chlorophyll-deficient line (RT-753) was obtained among somaclonal variants of the w4-m line passed through tissue culture (Palmer et al., unpublished data) . RT-753 has been shown to be allelic to y10 (Palmer and Couch, unpublished data) . It was difficult to accurately classify the yellow plants for fertility or sterility because the plants were small and set few seeds. Fertile green F 2 plants were threshed individually and evaluated as F 3 plants in F 2 plant-progeny rows. Root fluorescent mutants, fr1 and fr2, were used in the linkage tests. The fluorescent and nonfluorescent root phenotypes were observed under ultraviolet light (Sawada and Palmer 1987) .
Microscopy
Squash preparations of meiocytes were made from young reproductive buds fixed in the morning with cold fixative, 6: 3:2 of absolute ethanol:chloroform:propionic acid, saturated with ferric acetate. Fixed buds were stored in 70% ethanol, rehydrated in distilled water, and transferred to 45% propionic acid before staining in 1% propiono-carmine.
Anthers were removed from flower buds prior to flower opening at various stages of mutant anther development. The anthers were directly immersed in a primary fixative consisting of 1% glutaraldehyde:1% paraformaldehyde in a 0.05 M cacodylate buffer, pH 7.4 at room temperature. After all buds were immersed, the fixative was changed once and the buds were left in this fixing solution overnight at 4ЊC. The buds were then washed three times in room temperature buffer, 20 min each, postfixed in 1% osmium tetroxide using the same buffer, and dehydrated through an ethanol series to pure ethanol. The pure ethanol was replaced gradually with LR White resin, two changes of the pure resin were made, and the anthers were left to rotate overnight before flat embedding them in aluminum boats that were finally covered with additional aluminum boats to exclude O 2 during the curing process. The resin was polymerized at 70ЊC for 24 h.
The anthers were cut out from the polymerized resin, trimmed, and cross-sectioned with glass knives on a Reichert Ultracut E microtome. Sections were mounted on glass slides and either left unstained or were stained with aqueous 1% toluidine blue O in sodium borate ( Ilarslan et al. 1997 ) before adding Permount and coverslips. Sections were observed with a Leitz Orthoplan microscope using bright-field optics and photographed with Kodak EPY-64T 35mm color film. All color images were scanned with a Umax Powerlook 3000 scanner, converted to grayscale images, sized, and labeled in plate format using PhotoShop (Adobe) and PageMaker (Adobe) software programs.
Results
Genetics
In all cross-combinations of the heterozygous w4-m sterile (St st) plants with homozygous-dominant fertile plants, sterility in the F 2 generation was caused by a single recessive gene ( Table 2) . No sterile F 1 plants were found in cross-combinations of the heterozygous w4-m sterile (St st) with St2 st2, St3 st3, St4 st4, or St5 st5 plants. The F 2 populations were divided into three classes; nonsegregating, segregating 3 fertile:1 sterile plant, and segregating 9 fertile:7 sterile plants. The data fit the expected 1:2:1 ratio ( Table 3) .
The segregating F 2 populations were divided into two groups on the basis of chisquare values ( Table 4) . One group represented a 3:1 population; the other group a 9:7 population ( Table 4) . Chi-squared tests of homogeneity for the allelism tests showed that all progenies were drawn from the same population.
No sterile F 1 plants were found in crosscombinations of the heterozygous w4-m sterile (St st) with T331 (St6 St6 st7 st7) or with T331H (St6 st6 st7 st7) ( Table 5 ). The F 2 populations with T331 fit the expected 1 nonsegregating:1 segregating (3 fertile:1 sterile plant) expected for a single recessive gene ( Table 5 ). In the control cross, homozygous-dominant (St St) with T331H (St6 st6 st7 st7), the F 2 populations fit the expected 1 nonsegregating:1 segregating (15 fertile:1 sterile plant) ratio, suggesting a duplicate-factor gene ( Table 5 ). The informative cross of heterozygous w4-m sterile (St st) with T331H gave four phenotypic classes in equal frequencies; all fertile to 3:1 to 2.37:1 (45:19) to 15:1 ( Table  5) . Recombination percentages for independent assortment between st and w4, fr1, fr2, and y11 were calculated from F 2 data. The segregation data for St:st, W4:w4, Fr1:fr1, and Fr2:fr2 fit the expected 3:1 ratio, and segregation data for Y11 Y11:Y11 y11:y11 y11 fit the expected 1:2:1 ratio (data not presented). No linkage was detected between st and w4, fr1, or fr2 ( Table  6 ) or between st and y11 ( Table 7) .
Fertile green foliage F 2 plants from cross-combinations of the heterozygous w4-m sterile (St st) with T323, T324, T325, and RT-753 were threshed individually and evaluated as F 2 plant-progeny rows. No linkage was detected between st and any of the chlorophyll-deficient mutants ( Table 8).
Anther Development
Identification of fertile and sterile plants was not possible before anthesis. The first noticeable difference between fertile and sterile plants was the abscission of flowers and subsequent failure to produce normal pods on sterile plants. Meiotic figures from pachytene to telophase II were studied in squash preparations from both fertile and sterile plants. Chromosome pairing was complete in fertile plants. Loose association of homologous chromosomes, or perhaps stickiness, was noticed in meiocytes from sterile plants.
Anther development was divided into 10 stages based primarily on the state of the male cells and the tapetum, the surrounding anther wall tissues, and previous soybean studies (Albertsen and Palmer 1979; Carlson and Lersten 1987; Ilarslan et al. 1999; Palmer et al. 1992 Mutant anther development was comparable to normal anther development until about stage 6 ( Figure 1A) , after which some of the mutant microspores col- lapsed, while others appeared normal ( Figure 1B ). In addition, the typical, radially extended single tapetal cell layer in some anthers was either more extended ( Figure 1A ) or somewhat more flattened ( Figure 1B ). Sometimes the cell walls around the tapetal cells remained prominent. At stage 7, normal-appearing microspores, some with enlarged vacuoles, were present ( Figure 1C) , as well as ones that were partially collapsed ( Figure 1D ). The tapetum remained intact with variably dense cytoplasm, and some of the nuclei seemed condensed. In addition, the endothecial layer sometimes showed premature radial enlargement and secondary wall development (not shown).
At stages 8 and 9, one-third or more of the binucleate pollen grains appeared partially or completely collapsed ( Figure  1E,F) , while some pollen grains were partially engorged with dense materials. The tapetum persisted during these stages ( Figure 1E ), but became reduced in size ( Figure 1F ) and sometimes contained dense bodies. The tapetal cell walls were still evident ( Figure 1F ). The endothecium was well developed with prominent secondary wall thickenings ( Figure 1F) .
By stage 10, most of the pollen grains were collapsed, while others were partially or completely engorged with dense materials ( Figure 1G) . Some of the tapetal cells persisted, but were mostly flattened and still surrounded by cell walls. Small dense bodies were associated with some of these tapetal cells. At the time of anther dehiscence, when the connective and epidermal tissues between adjacent anther locules disintegrated, no viable pollen grains were present, as they were either devoid of cytoplasm or contained only cellular debris ( Figure 1H ).
Discussion
Genetics
The w4-m sterile segregated in a 3 fertile: 1 sterile plant ratio in all cross-combinations with homozygous-dominant fertile plants. The w4-m sterile line is a single recessive nuclear gene. The results of this study with st2, st3, st4, st5, and st6 st7 indicated nonallelism. In the control cross of homozygous dominant (St St) with T331H (St6 st6 st7 st7), the duplicate-factor inheritance of T331H male-sterile, female-sterile was confirmed. The cross-combination of St st with St6 st6 st7 st7 gave the expected four phenotypic classes in equal frequencies. These two cross-combinations of St St and St st with T331H established that the heterozygous w4-m sterile was St6 St6 St7 St7 St st ( Table 1) . Soybean is considered a diploidized polyploid. Many of the duplicated genes retain their original function, such as the male-sterile, female-sterile phenotype of T331 ( Ilarslan et al. 1997) . Conversely the reported duplicate appressed pubescence genes in soybean, Pa1 and Pa2, display a more complex phenotype with major duplicated genes and minor modifying genes ( Lee et al. 1999) .
The w4-m sterile line was identified among the germinal revertant progeny of w4-m ( T322). No linkage was detected with the flower color w4 locus or with y20 ( T323, T324, T325) or y11 (CD-5) chlorophyll-deficient mutants obtained from the same gene-tagging study as the w4-m sterile. The w4-m allele contains a putative transposable element . These data suggest that if a transposable element had inserted at the w4 locus, it transposed 50 cM or more from the w4 locus.
The nonfluorescent root mutant, fr1, on classical linkage group 12 (Griffin et al. 1989 ) and on molecular linkage group K of the USDA/ARS/ISU map (Jin et al. 1999) was not linked to the w4-m sterile. The nonfluorescent root mutant, fr2, was not placed on the molecular map but is linked to four RFLP markers ( Devine et al. 1993) and is not linked to the w4-m sterile. Chlorophyll-deficient mutant y10 (RT-753) has not been located on either the classical or molecular linkage map and was not linked to the w4-m sterile.
The six mutants tested for linkage with st represented different classical and/or molecular linkage groups, yet no linkage was detected. Also no linkage was detected between st and the other male-sterile, female-sterile mutants; genetic segregations indicated independent assortment.
There are numerous genetic studies that indicate plant sexual development is controlled by many nuclear genes ( Kaul 1988) . In soybean a total of six single recessive gene mutations and one duplicatefactor inheritance gene mutation affecting chromosome synapsis have been identified.
Mutant Anther Development
Normal (male-fertile) anther development in soybean has been described a number of times (Albertsen and Palmer 1979; Carlson and Lersten 1987; Ilarslan et al. 1999; Palmer et al. 1992) and forms the basis of comparison with the soybean mutant line in this study. Palmer and Kilen (1987) genetically and cytologically described four male-sterile, female-sterile mutants that are inherited as single recessive genes. Additional mutants were discussed by Ilarslan et al. (1997) .
Anther development of the mutant in this study shows both similarities and differences that have been described for the other male-sterile, female-sterile mutants, and is similar to the one described by Ilarslan et al. (1997) . The male-sterile, female-sterile mutant that we describe in this article is a synaptic mutant. Some microspores were observed to collapse immediately following the tetrad stage (not shown) during the following three microspore stages. This suggests that lagging chromosomes during meiosis may have contributed to the early demise of some of the microspores. After microspore mitosis there was an increase in collapse of the male cells that led to complete sterility by the time of anthesis. Partial filling of some of the pollen grains indicated that these cells retained some degree of functional normality, but not enough to be viable. The tapetum and surrounding locule anther wall cell layers did not show any abnormalities as described by Ilarslan et al. (1999) in a new male-sterile, female-fertile soybean mutant. In this latter study, the parietal layer prematurely enlarged radially at the end of meiosis. The tapetum and tetrads collapsed, and the endothecium never developed secondary wall thickenings.
In our study, other differences in development were associated with the variation in appearance of tapetal cell sizes and, in some instances, retention of distinct tapetal cell walls late in anther development. The early appearance of endothecial cell enlargement and formation of the secondary wall thickenings also suggested that the surrounding anther wall layers were possibly affected by the mutant condition and may have contributed to the incompletely filled pollen grains that were still intact at the mid to late pollen stages.
These cytological and developmental observations support the genetic data that indicate the mutant in this study is different from the seven male-sterile, female-sterile mutants previously studied but shows similarities with the one studied by Ilarslan et al. (1997) . Furthermore, these results add to the increasing data on a series of genetic mutants that are identified as st st, and provide useful genetic and cytological information about how male sterility occurs in higher plants.
